INTRODUCTION
During the course of a study of the effects of acids on the metabolism of the anaerobic organism Clostridium acetobutylicum (Weizmann) certain observations were made having to do with the more purely physico-chemical relationships of the acid association.' It is with some of these that this paper deals. Reference will be made to acid concentrations causing inhibition of the fermentation with considerations of the mechanism of the inhibitory effects.
An enormous literature has accumulated during the last forty years pertaining to the behaviour of microorganisms in acid media; since the early work of Kitasato (1888) and of Paul and Kronig (1896) the subject has been one of more or less continuous interest. With the general adoption, some fifteen years ago, of precise methods for the measurement of hydrogen ion concentration, microbiologists were enabled to characterize, much more definitely than was hitherto possible, the effects of many acids in terms of CH+. But, as is frequently the case at a time when an easily applicable method becomes available for the accurate estimation of a factor formerly capable of only approximate determination, one discerns in some of the literature of the period immediately It is not proposed to review the extensive literature relating to the limits of acid concentration tolerated by micro6rganisms and to the general problems of the effects of acids on living cells. Summaries of investigations in these fields have been presented by numerous workers in the past. Attention is directed to certain papers which, in addition to contributing to the development of the subject, provide the key to the literature: e.g., Foster (1921) , Wolf and Shunk (1921) , Hall and Fraser (1922) , Evans (1922) , Berridge (1924) , Pratt (1924) , Falk and Harrison (1926) , Katagiri (1926) , Eggerth (1927) . Investigations of a closelyrelated nature, in the field of general physiology, have been reported by numerous workers, including Paine (1911 ), Harvey (1915 , Crozier (1916 Crozier ( , 1918 , Collett (1919) , Pantin (1923) , Smith (1925) , Lillie (1926 Lillie ( , 1927 , Velluz (1927) , Taylor (1928) , Bodansky (1928) , Borissovsky and Wwedensky (1930) . Some aspects of the problems of toxicity are presented by Miller (1920) and by Falk and Winslow (1926) while more extended reviews of related subjects are to be found in the works of Overton (1901) , Traube (1913) , Loeb (1913) , Lillie (1923) , Jacobs (1924) , Henderson (1930) .
The literature of the acetone-butyl alcohol fermentation reveals only a few references to studies of the growth of the relatedorganisms in acidified media. None of the occasional studies which are encountered appears to represent a systematic investigation of the effect of any considerable range of acids. As early as 1876 Fitz observed that the growth of his butyl alcohol producing organism, Bacillu8 butylicuu, in a medium otherwise favourable was impeded by 0.1 per cent (1.1 X 10-2 M) butyric acid. This is an isolated observation and is of historical interest only, especially because the organism with which Fitz worked, though related toClostridium acetobutylicum, was probably quite a distinct species, exhibiting a different degree of tolerance to acids and yielding different end-products. According to Fitz, his organism was quite acid-sensitive and it was necessary to culture it in the presence of CaCOs. In Beijerinck's classical paper (1893) it is stated that "butyl bacteria are very sensitive to acids, 2 to 3 cc. of normal acid in 100 cc.being sufficient to stop the butylfermentation completely." Here again the species studied were probably not identicalwith our organism. More recently Speakman (1920) , working with Cl. acetobutylicum, observed that the fermentation proceeded to completion in cultures initially acidified with appreciable quantities of acetic, propionic and butyric acids. Limiting concentrations of these acids were not determined. At about the same time, Reilly et al. (1920) investigated the possible conversion of acetic acid to acetone when the acid was added to fermenting maize mash, the organism in this case in all probability being identical with our own. These workers however made no attempt to define the inhibiting concentrations of the acid. Fred, Peterson and Mulvania (1926) As applied to the experimental results which follow, the expression "inhibiting concentration" defines the degree of acidity,total and dissociated, which, when asociated with an otherwise favour-able culture medium, is just sufficient to prevent completely the fermentation of 3 per cent maize by the organism at 37 to 380C. To determine the acid concentrations which are capable of such effect we have employed a method involving the estimation of the total gas evolved during a given period of incubation. By this method the gas produced during the fermentation of small cultures containing, for example, 5 to 7 grams of carbohydrate in 3 per cent concentration was estimated by measuring the loss inweight of the cultures when the evolved gases were made to pass through concentrated H2SO4 contained in Alwood valves attached to the flasks. It was assumed that CO2 a,nd H2 are the only gaseous or volatile products of the fermentation which are not absorbed by the acid. Total acidity was defined by titration; hydrogen-ion concentration was measured electrometrically, the readings being corrected to 250C. for both the hydrogen and saturated KCIcalomel electrodes.
The substrate employed throughout the investigation was 3 per cent maize mash, prepared in the following manner. Portions of ground whole corn weighing 6 grams were suspended in 150 cc. distilled water in 300 cc. Erlenmeyer flasks and steamed at 1000C. for forty minutes, after which 50 cc. water were added and the flasks plugged and autoclaved at 1200C. for one and onehalf hours.
The experiments which immediately follow refer to studies of This experiment is similar to the first, except that nitric and hydrochloric acids have been omitted, the first experiment having indicated that the three mineral acids behave similarly, as one would expect. Heptylic acid was included in experiment 2 and the range of initial concentration of all acids was considerably narrowed. Figure 1 illustrates the inhibiting relationships of the acids in terms of initial pH. Here again, can be observed the fact that the inhibiting effect of certain of the acids appears to be associated definitely with the factor of hydrogen ion concentration, the initial inhibiting concentrations of these acids falling within the range of pH 3.80 to 3.65, approximately. In both experiments the initial inhibiting reaction in the case of succinic acid appears to be shifted slightly to the more alkaline side of this zone. The divergence, however, is not great. Experiment 2 reveals again an apparently detached position of pyruvic acid as well as an unmistakable difference in the behavior of caproic and heptylic acids on the one hand and the remaining acids on the other. There seems to be a legitimate conclusion to be drawn from these two experiments, namely that certain of the acids so far studied-sulphuric, nitric, hydrochloric, acetic, butyric, crotonic, levulinic, maleic, phosphoric and possibly succinic-inhibit the acetone-butyl alcohol fermentation when present initially in such amount as to establish a hydrogen ion concentration which falls definitely within a narrow zone. In other words, in the case of these acids, one is concerned primarily with a pH effect; although other factors probably exert secondary influences, we are reasonably justified in concluding that hydrogen ion concentration takes first place among the factors associated with the inhibitory influence of any of the acids just mentioned. The so-called inhibiting zone of initial pH to which reference has been made is Reference has already been made to the apparent relatively high tolerance of the organism for pyruvic acid. On one occasion, not hitherto cited in this paper, a maize flask fermented to completion, whose initial reaction, established by the addition of pyruvic acid, was pH 2.95, quite an abnormal level. This phenomenon of high tolerance has been observed also in isolated instances with other acids, such as lactic and glyceric in experiment 8. The fact that these three acids are 3-carbon atom compounds bearing close relationships one to another and to intermediate compounds which have been postulated for inclusion in the metabolic progression of the organism is of possible significance in this connection. Further investigation of this point is, however, desirable before attempting to formulate a deMite conclusion.
The introduction of chlorine into the acetic acid molecule renders this acid very much more toxic. The dissociation constants of the three chloracetic acids are much higher than the acetic acid constant, and very much smaller amounts of these acids are necessary to cause complete inhibition of the fermentation, as illustrated in table 5, experiment 10. However, from a consideration of the inhibiting concentrations it is evident that some factor other than hydrogen ion concentration is here involved. It would seem unlikely that speed of penetration is a factor of primary importance since the induction period through which the organisms normally retain their viability should provide more than sufficient time for the penetrating acid to establish an equilibrium between intracellular and extracellular concentrations. Rosenblatt and Rozenband (1909) observed a similarly greater toxic effect of the chloracetic acids as compared with acetic in the case of alcoholic fermentation by yeast. Recently Luundsgaard (1930) has observed that monoiodoacetic acid in concentration of 0.001 M inhibits the fermentation of sugar by yeast when the latter is present in relatively high concentration. It is evident that halogen substitution derivatives of acetic acid have a marked influence on the fermenting mechanism of microorganisms.
The use of buffer salts to establish different levels of hydrogen ion concentration has been deliberately avoided for the reason that their addition to bacterial cultures has often, undoubtedly, a more profound effect than that involved in the mere regulation of the reaction.
On the alkaline side of neutrality, as on the acid side, maize mash, beer-wort and glucose-peptone are fermented by the organism over a wide pH range. The establishment of unchanging pH levels by the addition of NaOH to carbohydrate substrates is impossible and therefore, where buffers are not employed, the alkaline tolerance of the organism and its fermenting mechanism can, -be only approximately defined. Experiments have shown that the organism grows and functions relatively normally in a medium whose initial reaction is pH 11.0. The processes of fermentation of course immediately produce a more acid reaction.
In their toxic effects on the fermentation the lower fatty acids exhibit certain interesting relationships. Among these acids it is observed that there is a noteworthy lack of general uniformity of inhibiting power at equivalent concentrations. It has already been pointed out that our evidence indicates that formic, acetic, propionic and possibly butyric and isobutyric acids owe their toxicity primarily to the influence of a certain "critical" concentration of hydrogen ions. With the exception of formic acid these acids have very low dissociation constants and, therefore, one might be led to suspect that their toxic effects must be dependent largely upon the concentration of undissociated acid rather than of hydrogen ions. But the fact that the inhibiting concentrations of these acids fall within the pH zone which includes a considerable number of other representative organic and inorganic acids indicates that there is probably no essential difference in the cause of the inhibition in all these cases: a limiting hydrogen ion concentration appears to be the important factor. Further experimnents on the effects of the lower fatty acids in the presence of their sodium salts may assist in establishing the validity of this statement in so far as it refers to these acids. It mt be remembered that the acids which cause inhibition at equivalent CI1+ levets exhibit very marked differences in the speeds with which they penetrate into living cells. But speed of penetration is probably not an important limiting factor under conditions such as those which prevail in our experiments. When one exaines thie effects of acids higher in the series than butyric, one finds that CH+ as a controlling factor must take a secondary position. In experiment 3 ( fig. 2 ) for example it is observed that butyric, v-alerie, eaproic, heptylic, caprylic and nonylic acids inhibit the fermntation at initial pH levels of 3.68, 3.88, 4.35, 4.73, 5.00 and 6.10 respectively: it is impossible to escape the conclusion that C11I has here only secondary significance and that the real cause of the paralysis of the normal physiolGgical functioning of the organ-im is associated with some other factors or phenomena.
From the point of view of molar concentration it is observed that acetic, propionic, butyric and isobutyric acids are equally toxic at approximately equivalent concentrations. This uniformity is probably merely a reflection of the close resemblance of the disociation constauts of these acids; the variations in the inhibiting molar concentrations of these acids from experiment to experiment are due, no doubt, to factors which influence the ionization of the acid, to the general nature of the culture medium and to variation in the vitality of the inoculum. The higher homologues, from valeric to nonylic, are quite definitely tolerated to a much smaller extent than are the lower acids and there is evidence of a regularly decreasing tolerance as we ascend the series.
Though our experiments do not permit us to state specifically the concentrations of the higher acids which at all times effect inhibition of the fermentation, nevertheless the variation, from experi- ment to experiment, in these effective concentrations is relatively small. Data pertaining to butyric, valeric, caproic, heptylic, caprylic and nonylic acids point to the conclusion that to obtain the same degree of inhibition the required amount of each successive higher homologue must be about one-half to one-third of the concentration of the previous lower homologue (cf. tables 3, 4, 5). Nonylic acid and, to a smaller extent, caprylic acid display irregularities which can be explained on the basis of their very low solubility in the culture medium at 380 and which therefore do not seriously affect conclusions which it is possible to deduce from the behaviour of the other acids. Relative capillary values of the lower fatty acids (Traube "rule") This general relationship at once suggests Traube's rule as it applies to the lower fatty acids in aqueous solution. In effect, this rule states "that the surface activity increases strongly and regularly as we ascend the series. Thus, in order to get the same lowering of surface tension of water we need of each successive higher homologue about one third of the concentration of the previous member which is smaller by one CH2 group" (Freundlich p. 64). These relations are illustrated in yet in a position to conclude that a relationship which has been shown to exist for the adsorption of organic substances by systems represented by blood-charcoal necessarily always holds equally well when the adsorbing surfaces are those of bacterial cells. The very properties which we associate with the living cell imply a comparative instability of the molecular structure with consequent variation in the physico-chemical nature and behaviour of the organism. That such variation might manifest itself in a changing capacity for the adsorption of the sort of compounds we have been considering would seem to be a possibility. Therefore, one hesitates to postulate a strict parallelism between the data derived from these inhibition studies and the data of Freundlich and others which refer to much more completely understood physical systems. But is not this apparent adsorbing faculty of the cell merely related to the possible lipoid nature of the cell membrane which adsorbs the capillary active substance by simple solution? Warburg has demonstrated (Michaelis, 1925, p. 62 ) that erythrocytes freed of all lipoid substances are able to adsorb capillary active substances in a manner identical with that shown by inanimate charcoal models. It is probable that bacterial cells, if it were possible to free them of lipoids, would behave similarly. Conclusions as to the significance of lipoid solubility in this connection are governed by definitions of adsorption. The adsorbed fatty acid is attracted by both the aqueous phase and the solid (probably lipoid) phase, and according to the generally accepted view it constitutes a monomolecular layer on the cell surfaces, with the molecule so oriented that the non-polar end of the chain is attached to the surface of the cell whilst the polar -COOH group extends into the aqueous phase. Recent studies of Trillat (1929) demonstrate very clearly this type of arrangement. Using a method involving spectrographic examination of x-rays diffracted by fatty acids on the surface of mercury, he was able to demonstrate that the acid molecule is so oriented that its -COOH group is attached to the mercury whilst the carbon chain extends into the gaseous phase. With increasing number of C atoms there was observed for each additional atom a regular increase in the lattice-spacing. This type of experiment has led to the view that similar orientations prevail when fatty acids in aqueous solution are adsorbed by living cells. The phenomenon in such cases appears to represent a state of equilibrium involving attractions of the polar and nonpolar portions of the molecule by two different phases, a conception which implies a certain degree of solution in each phase. Distinction between the adsorption by bacterial cells of fatty acids in aqueous solution and the solubility of the acids in the two phases would seem merely to emphasize differences in the equilibrium position of which we have spoken. Whatever may be one's precise definition of adsorption the phenomenon in every case involves concentration at an interface, and it is this accumulation of adsorbed substance which seems to exert some profound influence on the metabolic processes of the cell. Merely to state, however, that the inhibitory effects of caproic acid are due to the adsorption of this acid at the cell surfaces does not explain the mechanism of the inhibitory action. One can only speculate as to what constitutes the essential physiological effect of this concentrated layer of adsorbed substance, resulting in the failure of the organism to function normally.
Adsorption of certain capillary active substances, such as the saturated paraffins, by bacteria is frequently possible without any noticeable effect on metabolism: the influence of adsorbed fatty acids is therefore due to something more than the mere physical presence of a foreign substance. Recent investigations and speculations of Quastel and his collaborators (1926, 1927) Lillie (1926) . Lillie was concerned with phenomena of activation rather than of inhibition, but it is not unlikely that the essential cause of the two effects can be ascribed to the same general influences. Lillie fo-und that, among the fatty acids, acetic, propionic and butyric were closely similar hi their activating powers; that is, the molar concentrations at which these acids produced complete activation in the same time and at the same temperature were almost identical, namely 0.25, 0.24 and 0.22 X 10-2 M respectively (ten minutes at 2D°). Valeric and caproic acids in concentrations of 0.18 and 0.14 X 10-2 M accomplished a similar effect in the same time. This definite increase in activating power on passing from butyric to valeric Lillie interprets as indicating "that adsorption as a factor in the action of the acid firt becomes relatively important with valeric acid" (p. 345).
As to the site and mechanism of activation Lillie believes the process to be an effect of the undissociated molecules in the external solution, a conclusion based on his observations that acetate ions and hydrogen ions acting by themselves in concentrations much higher than those of the solutions used had no activating effect. Accordingly Lillie believes that the undissociated molecules penetrate into the cell interior where they are partially dissociated, the rate of activation being determined by the CH+ at the site of the activation reaction within the cell. This conception is based, to some extent, on the belief that the undissociated molecules penetrate much more rapidly than the ions and that therefore the latter, entering as such from the exterior, have a relatively negligible activating effect. This would appear to be a logical explanation of the observed results in experiments where rates of action are studied; in studies such as our own, however, where speed of penetration can be said to be relatively unimportant as a controlling factor and where one is concerned with effects related to acid concentrationB which are presumed to have reached conditions of equilibrium between the interior and exterior of the cells, it would seem that a somewhat different interpretation is desirable. Leaving out of consideration for the moment the fatty acids from valeric to nonylic which, it appears, must be considered apart from other acids, it has been shown that a wide range of organic and inorganic acids brings about complete inhibition at concentrations corresponding to practically equivalent CH+ values. That this should be the case for such markedly different acids as formic, acetic, propionic and butyric on the one hand and the mineral acids on the other, is significant. There are at least three possible explanations of the general mechanism of inhibition by acids: (1) it is the result of the influence of hydrogen ions at the outer surface of the cell, (2) it is dependent upon the CH+ within the cell, (3) it is brought about in some manner by undissociated acid which enters the cell or which possibly exerts its effect without passing into the interior.
In aqueous solution sulphuric acid is approximately 96 to 98 per cent ionized in the dilutions in which we have used it; therefore its effect is almost entirely due to an inhibiting concentration of its
Since acetic and sulphuric acids inhibit at the same level of external pH, and in view of the very low dissociation constant of the former as compared with that of the latter, and, furthermore, in consideration of the probable equilibrium between internal and external concentrations of undissociated acetic acid, it is not unlikely that the mechanism of inhibition involves an effect of a concentration of H-ions in the interior which closely approximates that observed in the external medium under inhibiting conditions.
In conclusion, therefore, it can be said that, except in the case of certain acids, inhibition of the acetone-butyl alcohol fermenta- 
